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Introduction
During near-equilibrium solidification, metals typically crystallise into morphologies displaying a strong directionality imposed by the 'easy' growth directions in the underlying crystalline anisotropy.
More specifically, these are directions of minimum capillary stiffness whereby the melting temperature is most highly depressed by the Gibbs-Thomson effect. Typically, this results in the growth of structure such as dendrites, which for metals with an underlying cubic symmetry, will display well developed side-arms orthogonal to the primary trunk. However, with increasing departure from equilibrium a number of changes may be manifest in these solidification structures, including a switch in the growth direction away from these easy directions or a more general loss of M A N U S C R I P T
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directionality in the solidification morphology [1] . The first of these typically results in a switch from the equilibrium <100> growth direction, to growth along either the <110> or <111> directions, with the <100> to <110> transition having been observed directly in the transparent analogue casting system NH 4 Cl -H 2 O [2] . In such a transition the primary solidification morphology remains dendritic, but the transition is evidenced by a switch to side-branches which are no longer orthogonal to the primary trunk [1, 3] . This sometimes occurs coincident with a break in the gradient of velocityundercooling curve [4] . Further evidence can be provided by X-ray or EBSD pole-figure plots [4] or selected area diffraction patterns from the TEM. Such a switch in the growth direction usually occurs abruptly at a well-defined undercooling and is normally attributed to a competition between differently directed kinetic and surface energy anisotropies. The same mechanism is also thought to be responsible for the more general loss in directionality during rapid solidification, possibly as competing anisotropies cancel out [5] . This results in solidification morphologies such as doublons and dendritic seaweed. Such structures have been observed in the transparent analogue casting system CBr 4 -C 2 Cl 6 [6] , polymers [7] and metals [8, 9] . Typically this transition is more diffuse than the well-defined switch in growth direction, occurring gradually over a range of undercoolings or with the transition being prefaced by a change in growth direction [1] . Indeed, it has been demonstrated that in certain alloys a continuous range of growth directions can be accessed prior to a transition to seaweed type growth [10] .
Within the broad class of metallic materials, it is not only solid-solution alloys that have been shown to display a dendritic to seaweed growth transition, but also intermetallic compounds. Specifically, Assadi et al. [11] have shown that the congruently melting intermetallic NiAl may undergo a dendritic to seaweed transition at an undercooling around 250-265 K when close to the congruent composition.
Close to equilibrium NiAl solidifies to the ordered cubic B2 crystal structure direct from the melt.
Assadi et al. propose that it is disorder trapping during rapid solidification and the loss of long range chemical order within the intermetallic that drives the dendritic to seaweed transition. Disorder trapping may be considered analogous to the more familiar process of solute trapping. However, rather than a non-equilibrium solute distribution occurring at the solid-liquid interface, increasing M A N U S C R I P T
solidification velocity sees progressively higher levels of chemical disorder trapped in the structure [12] . They argue that loss of long range order at the fast growing dendrite tip leads to an extreme depression of the melting temperature which can 'mask' the interfacial stiffness. Coupled with increased orientational disorder, which increases the free energy of the solid, this makes the system behave in a low anisotropy manner.
If this model is indeed correct, other congruently melting intermetallics are also likely to show a dendritic to seaweed transition under rapid solidification conditions. The only other condition is that during equilibrium solidification the compound should order at the liquidus temperature, such that disorder trapping is possible. One such intermetallic that satisfies both conditions is β-Ni 3 Ge. This system has previously been studied by Ahmed et al. [13] who, using a flux undercooling technique, observed a maximum undercooling of 362 K, wherein the corresponding growth velocity was measured at 3.55 m s -1 . In common with other researchers who have determined the velocityundercooling curves for intermetallic compounds passing through the order-disorder transformation, [13] observed a discontinuous break in the curve at the onset of fully disordered growth. This condition was observed for β-Ni 3 Ge at an undercooling of 168 K and at a critical growth velocity, V C , of 0.22 m s -1 . This compares with V C = 0.75 m s -1 in Fe-18 at. % Ge [14] and V C = 3.8 m s -1 in CoSi [15] . Microstructural analysis of the β-Ni 3 Ge system [13] revealed a transition from a coarse grained structure during ordered growth to a much finer grained structure once disordered growth was achieved. However, due to the low cooling rate achieved during flux undercooling (∼10 K s -1 ), the original solidification morphology is likely to have been highly modified during post-recalescence cooling.
In this paper we use drop-tube processing to explore the rapid solidification behaviour of β-Ni 3 Ge.
Unlike flux undercooling techniques, drop-tube processing provides access to high post-recalescence cooling rates, wherein inherently unstable structures such as dendritic seaweed may be retained. The objective of the work is to explore whether the dendritic to seaweed transition observed in NiAl can be replicated in any other congruently melting intermetallic and to throw further light of the formation mechanism.
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Experimental Methods
According to the phase diagram of Nash and Nash [16] , β-Ni 3 Ge is a congruently melting compound with a melting point of 1405 K. It has a homogeneity range of 22.5 to 25 at. % Ge and crystallizes to the ordered fcc L12 structure. Ni3Ge also occurs as γ-phase, a stoichiometric intermetallic with composition 25.6 at.% Ge which forms via the peritectic reaction L + β → γ at 1391 K. This subsequently undergoes a further peritectic decomposition to δ-Ni5Ge2 at 1380 K [17] . However, as γ-Ni3Ge is typically only observed after extend (1-24 h) ageing at elevated temperatures [18] we think its occurrence unlikely during rapid solidification processing.
For the drop-tube experiments reported here, elemental Ni and Ge were obtained from Alfa Aesar with purity of 99.99 % and 99.999%, metals basis, respectively. The alloy, of composition
Ni-25 at. % Ge, was produced by arc-melting the elemental constituents together under a protective argon atmosphere, with the melting process being repeated 8 times to ensure uniform mixing of the final alloy. Following arc-melting the phase composition of the alloy ingot was checked using a PANalytical Xpert Pro X-ray diffractometer to ensure that single phase β-Ni 3 Ge had been obtained.
The single-phase β-Ni 3 Ge ingot was then subject to rapid solidification by drop-tube processing. The alloy sample, of approximately 9.5 g mass, was loaded into an alumina crucible with three 300 µm laser drilled holes in the base. Induction heating of a graphite subsector was used to melt the sample.
Temperature determination was by means of an R-type thermocouple which sits inside the melt crucible, just above the level of the melt. When the temperature in the crucible attained 1480 K (75 K superheat) the melt was ejected by pressurising the crucible with ∼ 400 kPa of N 2 gas. The resulting spray of particles solidify in-flight whilst falling the 6.5 m length of the tube, which is filled to 50 kPa with dry, oxygen free N 2 gas. Further details of the drop-tube method are given in [19] . 
Results & Discussion
The starting material for the drop-tube experiments was single phase β-Ni3Ge, this being confirmed by XRD analysis on the polished surface of the arc-melted ingot. It can be seen from Figure 1 
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blue) is close to 45° along the whole length of the dendrite, while for the smaller branches, emanating near the root of each secondary arm and shown in green, the angle is close to 30°. The transition from orthogonal to non-orthogonal side-branching with increasing undercooling in a cubic system is indicative of a change in the primary growth direction away from the [100] direction that would be expected at equilibrium and has been observed in a number of systems previously [3] . Such a change has itself previously been observed as precursor to the change from a dendritic to dendritic seaweed transition [1] .
We also note the very distinct curvature of this dendrite, with a change in growth direction of close to 30°. While such curved dendrites have previously been noted as a consequence of flow during rapid solidification [22] , the droplet size here is likely to be too small for this to be a plausible mechanism for the observed curvature, which may instead be indicative of a more general decrease in directionality within the microstructure. Despite the now rather erratic nature of the dendrite morphology, with side-branches at various angles to their respective primary trunks and evidence of tip-splitting, the underlying crystal structure is identical to that found in the larger droplets. As such, the TEM data provides clear evidence that the change in dendrite morphology must arise from a change in the preferred growth direction within the same crystal structure, rather than a change in phase present.
Finally, Figure 5 shows (a) the SEM micrograph and (b) the corresponding TEM selected area diffraction pattern from a droplet in the 53 -38 m sieve fraction. The morphology is now clearly that of a dendritic seaweed, with both multiple tip-splitting and a clear lack of directionality being evident.
With regard to Figure 5 (b), while we have not been able to unambiguously index the TEM selected area diffraction pattern, it does not conform to the L1 2 cubic model. This would appear to indicate that the transition to the seaweed structure is coincident with a change in the underlying crystal structure. This is contrary to the accepted model for seaweed formation which postulates that, as with the change in dendrite growth direction, the underlying crystal structure remains unchanged. Given the lack of evidence for any solid-solution alloy displaying such a change in underlying crystallography coincident with the dendritic to seaweed transition, we are inclined to believe that this phenomenon may be peculiar to intermetallics or possibly even this compound (unfortunately [11] do not report M A N U S C R I P T
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any crystallographic determination from the seaweed morphology in NiAl). One possible explanation may be that high levels of disorder in the orientational ordering that [11] postulate to be required for seaweed growth results in a severe distortion of the crystal lattice. 
Summary & Conclusion
Drop-tube processing has been used to rapidly solidify single phase β-Ni 3 Ge into droplets spanning the size range 212 -38 m. The corresponding range of cooling rates is 5800 -54500 K s -1 . At low cooling rates the solidification morphology consists of dendrites of the disordered phase, which are the rapid solidification morphology, embedded within a matrix of the ordered phase which grew more slowly post-recalescence. With increasing cooling rate the dendrites display non-orthogonal sidebranching together with some tip-splitting, although the underlying crystallography, as revealed by selected area diffraction analysis in the TEM, remains the same as at lower cooling rate. At the highest cooling rates studied dendritic growth is replaced by that of dendritic seaweed. This is accompanied by a change in the underlying crystallography, which can no longer be modelled as cubic, although the space group corresponding to the seaweed material remains to be identified. This is, as far as we are aware, the first instance in which a transition from dendritic to seaweed growth 
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Highlights
• A dendritic to seaweed growth transition is identified in rapidly solidified
Ni3Ge.
• Confirmation of seaweed transition in congruently melting, cubic intermetallics.
• Transition appears to be mediated by change to non-cubic crystallography.
